Many temperate rodents show a break in reproductive activity to conserve energy during harsh winter conditions. However, even in species that use photoperiodic changes to adjust reproductive functions, winter breeding has been recorded frequently and most likely is caused by different responses to changes in photoperiod. Furthermore, these reproductive phenotypes show clear physiologic and morphologic differences. We investigated winter reproduction in natural populations of 2 European rodents, the yellow-necked mouse (Apodemus flavicollis) and the bank vole (Clethrionomys glareolus). Analyses of our data indicate that winter breeding was due to nonresponsive phenotypes in both sexes. A broad range of gonadal changes was found, particularly in males, and individual differences in testis size were linked to differences in body weight. Population genetic analyses provided no hint of assortative mating between the 2 phenotypes.
Winter is a period of high energetic demands for nontropical species of small mammals. Therefore, numerous physiologic and behavioral adaptations exist to maximize energy-saving and cold-tolerance, including reduced body weight (Blank et al. 1994; Dark and Zucker 1986) , increased thermal insulation, nest-building, grouphuddling, daily torpor, and hibernation (Grodzinski 1985) . Another common adaptation is the inhibition of reproduction, as characterized by an involution of the gonads together with an arrest of gametogenesis and spermatogenesis (Bronson 1989) . Restricting sexual activity provides obvious energy savings with respect to gestation and lactation.
In many species, such as the deer mouse (Peromyscus maniculatus), the white-footed mouse (P. leucopus), the Djungarian * Correspondent: thomas.ruf@vu-wien.ac.at hamster (Phodopus sungorus), and the meadow vole (Microtus pennsylvanicus), adjustments are engaged primarily by seasonal changes in photoperiod, which represent the most reliable proximate cue of environmental change Blank et al. 1994; Moffatt et al. 1993) . However, even in highly seasonal species, winter breeding has been observed frequently (Blank 1992; Corbet and Harris 1991; Nelson 1987) , meaning that despite harsh environmental conditions such as low ambient temperatures and limited food resources, some individuals in a population maintain gonadal activity and reproduce. One potential source for this variability among individuals in reproductive adjustment is differential responsiveness to changes in photoperiod, which has been documented in laboratory colonies of several species (Dark and Zucker 1986; Desjardins and Lopez 1983; Kerbeshian et al. 1994 ; Moffatt et al. 1993; Nelson 1987) . For instance, when maintained on short photoperiod and low ambient temperatures, only about one-third of male P. maniculatus experience complete gonadal regression (reproductively responsive [R] ), whereas testicular function remains unaffected in an equal number of individuals (reproductively nonresponsive [NR]- Blank et al. 1994; Desjardins and Lopez 1983; Korytko et al. 1995) . However, the proportion of breeding individuals in natural populations is largely unknown.
Here, we extend observations to 2 European rodent species, the yellow-necked mouse (Apodemus flavicollis) and the bank vole (Clethrionomys glareolus). Both species are seasonal breeders, they respond reproductively to changes in photoperiod, and reproduction during winter seems to occur in natural populations (Clarke 1985; Corbet and Harris 1991; Nelson 1987) . We quantify the degree of winter breeding and also describe seasonal variation in female reproduction, which has been excluded from most previous laboratory studies. Because differential reproductive responses to photoperiod are known to have a genetic basis Heideman and Bronson 1991; Lynch et al. 1989) , we further addressed the question whether nonrandom mating among gonadally competent individuals during winter results in a detectable genetic structuring of populations.
MATERIALS AND METHODS
Study site and animals.-Our study was conducted between December 1994 and January 1996 in a deciduous wood forest near the University of Marburg, central Germany (51ЊN, 9ЊE). A total of 205 A. flavicollis and 167 C. glareolus were captured in 10 trapping periods (5,866 trap nights) at 4-to 13-week intervals using Sherman live traps (H. B. Sherman Traps, Inc., Tallahassee, Florida). Two traps were placed at each nodal point at 10-m intervals of a 140 by 60-m grid, leaving out 1 point because of inaccessibility (fallen trees). In each period, trapping was performed twice a day, with the 1st round starting in late afternoon. Traps were checked 2-4 h after being set, depending on weather conditions, and were left locked between sessions. Trapping continued until Ͻ5% of all individuals were 1st-captures during the period, which was usually around the 3rd night. All animals were individually marked by subcutaneous injection of transponders (EURO I.D., Weilerswist, Germany). That technique allowed noninvasive handling of recaptures in the field because trapped individuals could be checked with an electronic receiver. If the identified animal was captured more than once within a trapping period, its transponder number was noted and the individual released. Occupied traps were replaced by traps with fresh bait (peanut butter and rolled oats). Animals that were unmarked or 1st-captures for the trapping period were carried to a nearby laboratory inside their traps. Even very short exposure to artificial daylight has been shown to cause a reproductive response such that sexually inactive individuals become active again (Bronson 1989) . Therefore, care was taken to prevent exposure of the animals to artificial lighting.
In the laboratory, mice were kept separately in standard polycarbonate mouse cages and received mouse chow and water ad libitum. They were maintained under dimmed red-light conditions overnight. On the following day, animals were anesthetized with ketamine hydrochloride (0.5 l/g body weight) before blood and morphometric measurements were taken, and they were released after recovery in the afternoon at the trapping site. Care was taken not to remove individuals from their home range longer than necessary, thereby minimizing risk of recolonization of temporarily vacated home ranges. Size measurements were taken with callipers to the nearest 1 mm. Testes were measured by holding male animals by their neck, moistening the fur with 70% ethanol, and gently stroking downward along the ventral side to move testes out of the abdominal cavity. An initial test of the reliability of measurements of testes in captive animals showed that the correlation between 2 repeated measurements (2 weeks apart) of testis indices (length by width) was high in both A. flavicollis (r ϭ 0.89, n ϭ 12) and A. sylvaticus (r ϭ 0.87, n ϭ 25).
About 50-100 l of blood was collected from the suborbital sinus with sterile microcapillaries (outer diameter 0.5 mm, volume 5 l) and stored on ice until further processing. Before their re-lease, all mice were observed to detect behavioral signs of an impairment of eyesight due to the blood-collection procedure. In 5 cases, where anomalous behavior was observed, animals were not released but were maintained in captivity for breeding purposes. To analyze steroid hormone titers in females, blood plasma was separated by centrifugation (10 min, 8,000 rpm) and stored at Ϫ70ЊC. The remaining hematocrit was further processed and used for microsatellite analysis.
Genetic analysis.-To analyze genetic structure of the populations, 9 microsatellite loci were cloned, and amplification primers designed for the 2 species were used (Gockel et al. 1997: 598, table 2) . DNA was extracted from hematocrit using a specific protocol for blood samples that included 2 lysis steps followed by deproteinization with chloroform-isoamylalcohol and ethanol-precipitation (Gockel et al. 1997) . DNA was amplified in standard polymerase chain reactions with primers that were labeled with fluorescent dyes. Polymerase chain reaction products from Յ3 different loci were combined and resolved by electrophoresis on an Applied Biosystems (Foster City, California) ABI Prism 377 automated sequencer.
Reproductive state and hormone assays.-To avoid false classifications of juveniles as nonreproductive adults, we identified juveniles by using trapping dates of marked individuals (i.e., minimum age), body weight, fur color, and morphometric measurements, namely head-body length and hind-foot length. Data from clearly juvenile animals and all doubtful cases were excluded. Thus, all A. flavicollis classified as adult and categorized according to their reproductive state had body weights Ն 22 g, head-body lengths Ն 90 mm, and hind-foot length Ն 23 mm. Corresponding measurements in C. glareolus were Ն16 g, Ն80 mm, and Ն15 mm, respectively. Those minimal measurements for head-body length and hind-foot length correspond closely to minimal values of Niethammer and Krapp (1986) for animals aged Ͼ3 months from central European populations (91 mm, 23 mm in A. flavicollis; 80 mm, 16 mm in C. glareolus) . Note that animals with either head-body length or hind-foot length slightly (1-2 mm) smaller than expected from Niethammer and Krapp (1986) were classified as adults only if other characteristics (in particular size of testes) clearly indicated sexual maturity.
Male reproductive status was determined by measuring the testis index (length by width of the right testis in mm 2 ) in vivo. A control group of male A. flavicollis (n ϭ 10) was kept in the laboratory under a long-day light : dark (L:D) cycle (16L:8D; ambient temperature 25ЊC) for Ն9 weeks to ensure that all had reached sexual maturity (Clarke 1985) . To avoid influences on the demography and density of mice on the main study site, control animals were trapped on a separate location but within the same forest. Their testis indices at maturity ranged from 55 to 93 mm 2 (Fig. 1) . Furthermore, a laboratory study of male A. flavicollis (n ϭ 13) and male Apodemus sylvaticus (n ϭ 6) found strong relationships between testis index and number of sperm in testis (r ϭ 0.84, P Ͻ 0.001, n ϭ 19) and epididymis (r ϭ 0.71, P Ͻ 0.001, n ϭ 19). To differentiate between fertile and infertile individuals, a threshold of 60 mm 2 was determined for both Apodemus species (Meyer 1996) . All fertile males were classified correctly and had sperm counts of 61-164 ϫ 10 6 sperm per testis pair (testis index ϭ 66-132 mm 2 ). Only 1 male with testis size at the exact threshold value of 60 mm 2 had a low sperm count of 11.5 ϫ 10 6 . Sperm counts in males classified gonadally regressed (testis index 24-50 mm 2 ) ranged from 2 to 13.5 ϫ 10 6 sperm per testis pair. Consequently, testis index was a reliable measurement of sexual maturity and was used to categorize individuals according to their reproductive status. Male A. flavicollis were considered sexually active at a testis size of Ͼ60 mm 2 , and that threshold was used also for adult males trapped during this study (Fig. 1) .
Low trapping success on the 2nd site did not allow establishment of a laboratory control group in C. glareolus. Hence, a threshold testis size for reproductive competence was estimated. Male C. glareolus have a smaller mean body size and lower testis weight than male A. flavicollis (Clarke 1985) . Therefore, a threshold value was chosen to lie in the lowest quartile of the testis sizes of all adult males that were caught in summer (median, 77 mm 2 ). The resulting value of 40 mm 2 was consistent with values in the literature, showing that testis weight of Clethrionomys amounts to only 66% of testis weight in Apodemus (Clarke 1985) .
Adjustments in reproductive physiology are seen as adaptations to unfavorable climate conditions. To assess all phenotypic variation in a FIG. 1.-Testis indices of adult male Apodemus flavicollis (top) and Clethrionomys glareolus (bottom) distributed over all trapping periods (scaled to intervals in weeks); size threshold to divide between photoperiod nonresponsive (NR) and responsive (R) mice is indicated by a dashed line; testis indices of adult males kept under long-day conditions in the laboratory (top right; 16L:8D, 25ЊC).
wild population, the reproductive status of animals should be classified during the coldest months of the year. In our study, that classification was made for animals caught in December-January in the 1st winter (1994) (1995) and in November-January in the 2nd winter (1995) (1996) ; both time periods hereafter referred to as winter). Therefore, all adult males caught during those months with testis indices Ͼ60 mm 2 for A. flavicollis and Ͼ40 mm 2 for C. glareolus were considered sexually active and thus reproductively nonresponsive to changes in photoperiod (NR). The smallest measurable testes had an index of 12 mm 2 (A. flavicollis) and 18 mm 2 (C. glareolus). However, 1 male A. flavicollis had an index of 1 mm 2 and was almost certainly reproductively inactive. To account for the variation at the lower end of the size distribution, an arbitrary cut-off threshold of 10 mm 2 was set. Therefore, males of both species with indices Ͻ 10 mm 2 were considered sexually inactive and thus reproductively responsive to changes in photoperiod (R), and males with indices of 10-60 mm 2 (A. flavicollis) or 10-40 mm 2 (C. glareolus) were classified as reproductively intermediate (INT).
In females, internal reproductive state can be estimated by appearance of the external vagina, which is reversibly fused in juveniles and reproductively inactive adults (Clarke 1985) . Mor-phologically adult females with closed vaginas that were caught in winter were considered reproductively inhibited (R). Females with an open vagina (no visible sign of fusion) and clearly pregnant females (palpable fetuses) were classified as sexually active and thus reproductively nonresponsive (NR).
However, reproductive status could not be determined reliably for some individuals (e.g., females with an intermediate stage of vaginal fusion). To gain insight into their reproductive status, titers of plasma steroid hormones (progesterone and pregnandiol for 29 A. flavicollis and 29 C. glareolus females) were analyzed using enzyme immune assays. The following protocol briefly outlines the procedure. Plasma (20 l) and assay buffer (100 l) were mixed with diethyl ether (5 ml) and frozen (Ϫ20ЊC), with the ether separated from the frozen water by pouring it into a new vial. After evaporation of the ether (40ЊC, 45 min), the residue was redissolved in assay buffer (250 l). The assay was carried out on precoated microtiter plates (Schwarzenberger et al. 1991) . A total of 50 l of the sample, together with 100 l of antibody and 100 l of enzyme label (steroid ϩ biotin), were transferred into the wells of the microtiter plate and rotated overnight at 4ЊC. After washing the plates, peroxidase-streptavidine (250 l/well) was added, and plates were rotated for 45 min and washed again. Tetramethylbenzidine (substrate) and hydrogen peroxide (cosubstrate) were then added (250 l). The reaction was stopped after 45 min by adding sulfuric acid, and steroids were quantified photometrically in several enzyme immune assay runs. A standard curve was determined before each run.
Statistical analysis.-Data were analyzed with SPSS 7.5 (Norusis 1997) . All values were expressed as X Ϯ SE. Differences between means were evaluated with a 1-way analysis of variance (Sokal and Rohlf 1995) . Before analysis of variance, Levene's and the Kolmogorov-Smirnov test were used to examine for homogeneity of variances and normal distribution of data, respectively. Tukey's honestly significant difference test was used for post hoc multiple comparisons. Statistical significance of differences in frequencies (ratios) were tested by the single classification G-test, or row-by-column G-tests (Sokal and Rohlf 1995) . Significance for all tests was set at ␣ ϭ 0.05.
Estimates for observed and estimated heterozygosities of the microsatellite loci and exact tests for fit of genotype proportions to HardyWeinberg equilibrium were carried out with GENEPOP (Raymond and Rousset 1995) . To test for genetic population differentiation, Weir and Cockerham (1984) analogues of Wright's Fstatistics were estimated and tested for significance by permutations in FSTAT (Goudet 1995) . Analysis of molecular variance was carried out with the software AMOVA version 1.1 (Schneider et al. 1997) .
RESULTS
Population biology.-In both species, recapture frequencies of individuals ranged from 1 (49% of cases) to Ͼ10 (4%), and no sex difference in trapability was found. In A. flavicollis, adult sex ratios were malebiased over all individual trapping periods (G ϭ 15.60, P Ͻ 0.001) with the largest skew from July to August 1995, but no significant influence of the overall trapping period was detected (G ϭ 7.17, P Ͼ 0.05; Fig.  2 ). No bias in sex ratios was found in adult C. glareolus (G ϭ 2.25, P Ͼ 0.05). Previously unmarked juveniles of both species were trapped in most seasons during the study (Fig. 2) , indicating year-round reproduction. No animals were caught that showed a juvenile status for Ͼ1 trapping period. A strikingly high number of juvenile C. glareolus were caught in January 1996 (n ϭ 30), almost all of them females.
Body weight.-Mean body weight of trapped adult A. flavicollis and C. glareolus showed clear seasonal fluctuations (Fig. 3) , which were especially pronounced in males of both species. Male A. flavicollis showed a marked decrease in mean body weight during the main breeding season in summer but continually gained weight from autumn until the following breeding season. Females showed an increase in body weight from January to July, which then decreased for the rest of the breeding season. The lowest average body weight was recorded in December 1995. High body weight in summer and autumn may have been due in part to pregnant females because they were not excluded from the analysis. Body weight of male C. glareolus continually decreased from August through winter. Lowest values were observed in January and March for males and females, respectively. Within 13 weeks (March-May), both sexes gained about 50% of their weight around the onset of the main breeding season.
Sexual activity.-To classify an individual as NR or R, their sexual activity was determined during winter (December 1994 , January 1995 , November 1995 , January 1996 , either by distinguishing them morphologically or by analyzing their steroid hormone titers. Progesterone concentrations in females were 1-29.8 ng/ml in A. flavicollis (n ϭ 36) and 0.91-57.21 ng/ml in C. glareolus (n ϭ 42), and pregnandiol titers were 0.07-110.22 ng/ml in A. flavicollis (n ϭ 28) and 0.18-134.2 ng/ml in C. glareolus (n ϭ 42). Although a positive correlation was found between both steroids (e.g., A. flavicollis, n ϭ 28, r 2 ϭ 0.15, P Ͻ 0.001), pregnandiol seemed to be a more reliable indicator of pregnancy than progesterone, because the latter showed a continuous distribution in pregnant females ( Fig. 4 ; skewness: A. flavicollis progesterone 2.614 Ϯ 0.464 SE, pregnandiol 0.734 Ϯ 0.55; C. glareolus progesterone 1.16 Ϯ 0.448, pregnandiol 1.097 Ϯ 0.448). In contrast, pregnandiol titers showed a gap around 20 ng/ ml in both species. Therefore, as a conservative choice, females with titers Ͼ20 ng/ ml were considered to be pregnant. The fact that some clearly pregnant females showed titers Ͻ20 ng/ml (Fig. 4) were pregnant. Consequently, all females caught in winter that showed either an open vagina or were considered pregnant because of high pregnandiol titers or obvious physical appearance were classified as NR.
Based on testis indices, male NR mice were present in both species. Whereas most males had testes larger than the threshold of 60 mm 2 in A. flavicollis and 40 mm 2 in C. glareolus during the main breeding season, only a few had testes of that size during winter (Fig. 1) . In C. glareolus, only 1 sexually active male was caught during the 1st winter. Overall, 13% of A. flavicollis males in winter were classified as NR compared to 34.8% R (Table 1 ). In female A. flavicollis, about the same percentage of R individuals was found, and 61% of trapped females were reproductively competent (NR) during winter.
In C. glareolus, about 20% of all males and 44.4% of all females were reproductively active in winter (Table 1) . Although the proportions of NR to R females were reversed in males, a direct comparison between the sexes did not seem adequate in ϭ 1, 31, P Ͻ 0.05). Post hoc analyses revealed that NR individuals were heavier than R individuals in both species (A. flavicollis, P ϭ 0.013; C. glareolus, P ϭ 0.016). Furthermore, A. flavicollis INT males were heavier than R males (P ϭ 0.04). Therefore, those males had body weights in between those of NR and R males. In contrast, INT C. glareolus had similar body weights as R males (P ϭ 0.952).
Genetic subdivision.-All 9 microsatellite loci used in this study were highly polymorphic with values of expected heterozygosities ranging from 0.8 to 0.9 (Table 2) . Observed numbers of alleles ranged from 14 to 23 in A. flavicollis and from 10 to 17 in C. glareolus. Significant deviation from Hardy-Weinberg equilibrium was observed for 1 of 5 loci in C. glareolus because of heterozygote deficit (Table 2) . However, locus MSCg-19 had no significant effect across all species-specific loci (P Ͻ 0.533) and, thus, was included in the analysis. To test for genetic differentiation, reproductive phenotypes were considered as reproductive groups (NR, INT, R) and their allele frequencies were compared at all loci. Analysis of F-statistics revealed no significant divergence among populations in either species (A. flavicollis, n genotypes ϭ 196; F ST ϭ Ϫ0.008; permutation test, P ϭ 
DISCUSSION
Photoresponsive reproduction.-In our study, A. flavicollis and C. glareolus showed significant individual variation in reproductive behavior during winter, leading to successful winter breeding, as indicated by the presence of juveniles throughout the year. The finding of a continuous gradient from fully developed to completely regressed testes in males of both species suggests the existence of an equally continuous gradient in fertility. However, the relation between testis size and spermatogenesis may differ between species. In a study on deer mice, Desjardins and Lopez (1983) showed that testis index was a reliable indicator of testis weight and testis weight and spermatogenesis were significantly correlated. In males of A. sylvaticus and A. flavicollis, testis size also was found to be correlated positively with the number of viable sperm in testes and epididymis, but testes Ͻ400 mg (paired testes weight) contained very low amounts of sperm cells (Meyer 1996) . Therefore, at least in male Apodemus, there actually may be only 2 alternative reproductive strategies, namely complete maintenance or complete cessation of spermatogenesis during winter. This question would be interesting to address in further studies.
Our data on females showed surprisingly high numbers of reproductively active individuals during winter. However, with the methods we employed, obtaining reliable estimates of the actual fraction of fertile and infertile females is not possible. Even when females show no external signs of sexual activity and have low pregnandiol titers during winter, one cannot not fully exclude sexual competence among these animals. Hence, an assessment of the relative frequency of phenotypes with different reproductive strategies among females will require additional investigations based on morphologic measurements.
Our field study was not designed to clarify physiologic mechanisms underlying individual differences in seasonal adjustments. However, given that our study area was relatively small, all animals were likely exposed to very similar climatic conditions and food availability. Hence, as in other small rodents, differential responses to photoperiod in C. glareolus and A. flavicollis are the most probable proximate explanation for phenotypic variation in reproductive function. In C. glareolus, gonadal adjustments are known to be governed by photoperiod (Clarke 1985) . In A. sylvaticus, the timing of sexual maturity has been reported to be controlled by a combination of photoperiod and ambient temperature (Clarke 1985) . In the closely related A. flavicollis, we have unpublished laboratory observations that animals may respond to short day length alone. Of 12 males exposed to short days (8L:16D) for 10 weeks at an ambient temperature of 25ЊC, 8 showed complete testicular involution and 4 maintained large testes (Ͼ60 mm 2 ). Those responses were unaffected by subsequent cold exposure (5ЊC) for 6 weeks. Hence, our laboratory findings also support the view that individual variation in reproductive adjustments in A. flavicollis results from differential response to changes in photoperiod.
Previous studies frequently used average testis size to characterize photoresponsiveness in natural populations. This type of measurement might be misleading because it does not reflect true proportions of breeding and nonbreeding individuals (Desjardins and Lopez 1983; Lynch et al. 1981 ). This conclusion is underlined by our results showing tremendous interindividual variation in reproductive adjustments. To further determine the impact of different environmental variables on the variation in numbers of NR and R individuals, future studies could investigate populations along environmental clines (Lynch et al. 1981) .
Body weight.-Both species in our study showed clear seasonal variation in body weight with patterns very similar to those described previously (Grodzinski 1985; Klaus et al. 1988; Sawicka-Kapusta 1968) ; however, the species differed temporally. Body weight of A. flavicollis was lowest in summer and autumn, indicating either replacement of old cohort members by younger and lighter individuals or a strong influence of the main breeding season on physical condition. In the latter case, the impact of reproductive activity might be so severe that individuals recover even under unfavorable environmental conditions during winter. Because no indication of seasonal changes in structural size (head, body, and hind-foot lengths) of adult A. flavicollis was found, weight changes likely reflect differences in stores of body fat (cf. SawickaKapusta 1968).
However, C. glareolus seemed to be less affected by reproductive activities and lost weight gradually in summer. This result could suggest that, compared with A. flavicollis, body weight in C. glareolus is more directly influenced by the reduced availability of food resources during winter. However, C. glareolus kept under natural photoperiod reduce body weight toward winter even when fed ad libitum (Klaus et al. 1988 ). This decline in body mass has been observed in several small rodents and is viewed as an energy-saving mechanism because of reduced costs for maintenance and thermoregulation (Heldmaier and Steinlechner 1981; Klaus et al. 1988; Merritt 1984) . Under laboratory conditions, different reproductive phenotypes previously showed striking differences in energy requirements and body weight. For instance, if meadow voles and deer mice are exposed to shortday photoperiods, responsive males lose about 20% and 10% of their body weight, respectively (Blank et al. 1994; Dark and Zucker 1986) . Our study revealed that among males in both species, NR had body masses as high as those of summer animals (C. glareolus) or were even heavier (A. flavicollis; Fig. 6 ). Together with the fact that only a relatively small fraction of males maintained fully developed testes (Table 1) , these results suggest that in natural populations only males in good body condition, as indicated by body size, may be able to cope with the additional energetic demands of reproductive activity during winter. In this context, it should be noted that under winter conditions, even slightly increased body weights can lead to significant costs. In deer mice, an increase of body weight of about 10% in NR males is associated with significantly increased total energy requirements and impaired cold tolerance (Blank and Ruf 1992) . If phenotypic variation in reproductive activity is based on differential responses to changes in photoperiod, similar differences between NR and R in natural and laboratory populations are expected to be found. Higher body weight of NR males compared with R males in both species is in line with these expectations. Even under natural conditions, where individuals are exposed to many varying factors such as ambient temperature and food conditions, reproductive phenotypes exhibited comparable changes with laboratory individuals. NR females also had a slightly higher mean body weight than conspecific R females, but those differences were not significant.
Energetic and thermoregulatory disadvantages of maintaining larger body weights may well result in increased mortality of NR mice in strong winters. Together with high mortality of offspring in harsh winters, these factors, at least partly, explain how different reproductive strategies persist in natural populations; relative success of each strategy should depend strongly on actual environmental conditions that fluctuate from year to year.
Interpreting the existence of males with an intermediate testes size in winter is more difficult. Male A. flavicollis with intermediate testis indices also showed intermediate body weights compared with NR and R males. Intermediate levels of responsiveness that are maintained over prolonged and repeated periods of short-day exposure also have been found in deer mice and meadow voles (Blank 1992; Desjardins and Lopez 1983; Kerbeshian et al. 1994) , indicating that intermediates represent a genuine category of reproductive response to photoperiod. Explanations for individual variation in reproductive activity may benefit from detailed studies on males of intermediate reproductive status.
Genetic analyses.-Analyses of our data did not show signs of population genetic subdivision and therefore no hint of assortative mating between different phenotypes. Population genetic theory predicts that roughly 1 generation of random mating is sufficient to maintain allele frequencies at neutral loci at equilibrium (Wright 1969) . A signal for population subdivision at the genetic level due to assortative mating among NR mice in winter, therefore, is likely to disappear as a consequence of random mating throughout the rest of the year. Although genotypes have been scored at only a small number of microsatellite loci for each species, strong genetic differentiation due to exclusive mating among reproductive phenotypes likely would have been detected. However, more loci would be needed to detect relatively weak genetic structuring. Microsatellite loci used in our study also could be used in linkage analyses to identify potential quantitative trait loci associated with reproductive phenotypes. Furthermore, future studies on the genetic basis of differences in seasonal gonadal adjustments in A. flavicollis and C. glareolus should include artificial selection experiments that can reveal valuable information about the selection regime and extent of genotype-environment interactions.
Our results show that individual variation in reproductive photoresponsiveness is considerable, both in laboratory colonies and in the wild, and is important for understanding genetic structure of adaptive polymorphisms. All metabolic pathways are influenced to some degree by aspects of the environment. Therefore, the expression of most traits might not be completely under genetic control. Rather than having 2 separate genotypes in the population, a range of variation could exist in phenotypic response of specific genotypes to specific environments (Lynch and Walsh 1998) .
